The influence of tensile stress on hysteresis loops and the magnetomechanical effect in high-magnetostrictive Fe-rich and low-magnetostrictive Co-rich amorphous ribbons were investigated. In the as-quenched Fe-rich alloy a very complex behavior is observed, which indicates the interplay of different types of magnetization processes. Uniaxial magnetic anisotropies, induced by stress annealing, eliminate the rotational processes in Fe-rich materials and the domain-wall motion in Co-rich materials. Thus, the role of the two different mechanisms in the magnetoelastic hysteresis can be studied separately. It is shown that irreversible domain-wall movements are responsible for the large hysteresis in the Fe-rich alloy, while the purely rotational magnetization process can account for the essentially anhysteretic behavior of the Co-rich alloy. The theoretical model by Livingston ͓J. D. Livingston, Phys. Status Solidi 70, 591 ͑1982͔͒ can well explain the anhysteretic behavior.
I. INTRODUCTION
The stress dependence of hysteresis loops and the magnetomechanical effect are significant features of magnetoelastic coupling in ferromagnetic materials. While the hysteresis loops are commonly used for investigation of magnetoelastic properties, the magnetomechanical effect, that is, the change of magnetization resulting from the application of stress, has been investigated only in some polycrystalline materials. 1 Amorphous magnetic materials are promising for many practical applications. They exhibit large elastic thresholds, which allow application of much larger stresses without the plastic deformation. Also, the large sensitivity of magnetostriction to magnetic field (d/dH) obtained in some soft magnetic amorphous alloys implies the existence of a large magnetomechanical effect in these materials. Thin ribbons or wires, which are usually the only shapes available by the rapid solidification techniques, can be, however, subjected only to very weak compressive stresses along the axis. They are, therefore, less suitable for the measurement of the magnetomechanical effect. The magnetomechanical effect has not been investigated in amorphous alloys up to now.
Just as the magnetizing curves ͑hysteresis loops͒ are not unique functions of magnetic field, the magnetization-stress curves, measured with constant field, are not unique functions of applied stress. This behavior, which we call the ''magnetoelastic hysteresis,'' is caused by the dependence of the magnetic state on both the magnetic and the strain histories of the sample. The magnetoelastic hysteresis in crystalline materials is a very complex phenomenon, which comes from the combination of different irreversible magnetizing processes. 1 Investigation of the magnetomechanical effect in amorphous alloys, where the domain structures and the related magnetization processes can be controlled by appropriate heat treatments, can contribute to a better understanding of the phenomenon. The aim of this article is to describe the experimental method, which has been developed for the measurement of the magnetomechanical effect in amorphous ribbons, and to discuss the experimental data obtained for two different types of soft magnetic amorphous materials. Ϫ6 ) were prepared by the planar flow casting. As-quenched and heat-treated samples were investigated. To obtain a well-defined magnetic anisotropy the ribbons were continuously stress annealed. The ribbon was moved with a constant velocity, by means of a stepper motor, through the radiation furnace with the temperature plateau about 15 cm long. The tensile stress, , was applied either by means of the weight attached to the free end of the ribbon or by unwinding the ribbon out of the bobbin, which was constrained with a constant friction.
II. EXPERIMENTAL METHODS
The hysteresis loops, under applied stress, and the magnetization-stress curves were measured by means of the automated equipment schematically shown in Fig. 1 . The magnetization of the sample, about 40 cm long, was measured by the standard ballistic method. The tensile stress was applied by means of the brass string, the deformation of which was controlled by the stepper motor driven via serial port of the PC. Time, magnetic field, magnetization, and stress ͑measured by the force gauge͒ were recorded for each measured point. The anhysteretic magnetic state for the given point on the (H,) plane was obtained by the mag- To eliminate the influence of the zero drift of the flux meter during anhysteretic and the magnetization-stress curve measurements, each series of measurements started from and finished at the sample saturation. Then, the measured data were corrected for the drift, which was assumed to be linear with time, and the absolute values of magnetic polarization J were calculated from the known value of saturation magnetization J s .
III. EXPERIMENTAL RESULTS
The high-magnetostrictive iron-rich alloy Fe 64 Co 21 B 15 was investigated in the as-quenched and the stress-annealed states. Hysteresis loops, typical of soft magnetic amorphous alloys, with H c ϭ5.5 A/m and the remanence ratio J r /J s ϭ0.74 are observed for the as-quenched sample. The domain structure shows the ''stress pattern'' typical for magnetostrictive amorphous ribbons. With applied tensile stress the remanence rapidly increases, reaching saturation at about 30 MPa. The magnetization-stress curves with the starting point lying on the unstressed major hysteresis loop were investigated. The magnetization varies with stress only for Ͻ30 MPa and at higher stress J remains constant with the value approximately equal to J s or to 0 H/N, depending on which value is smaller. (N is the demagnetizing factor of the sample.͒ The magnetization changes at lower are essentially reversible for fields larger than H c . Irreversible changes of magnetization are observed only for the first few stress cycles at magnetic fields not much exceeding the coercive force.
To study the magnetization reversal due to only domainwall movement the Fe-rich ribbon was continuously stress annealed at temperature 355°C with the transport speed of 30 cm/h and the tensile stress of 129 MPa. Stress annealing of this Fe-rich amorphous alloy induces uniaxial anisotropy with the anisotropy constant K about 800 J/m 3 and the easy axis along the stress direction.
2 Almost regular stripe domains with 180°domain walls parallel to the ribbon axis were observed in the stress-annealed samples. 3 The annealing temperature was chosen a bit above the crystallization temperature, which lead to partial crystallization of the material. Crystallites of ␣-Fe, with the mean size ranging from 40 to 70 nm and the crystal fraction depending on the annealing time, 4 are known to serve as pinning sites for the domain walls and increase the coercive force. 3 The hysteresis loops of the stress-annealed ribbon ͑see Fig. 2͒ are nearly rectangular with a large slope at H c . With increasing stress the coercive force decreases. The anhysteretic curve, shown by the dashed line, is stress independent and determined mainly by the demagnetizing factor of the sample. It is quite linear and its slope well satisfies the condition for zero internal magnetic field, H int ϭHϪNM an ϭ0, where M an is the anhysteretic magnetization. The magnetization-stress curves starting from different points on the unstressed major loop are shown in Fig. 3 . Only the first stress cycles are shown, for clarity, with the exception of HϭϪ44.7 A/m, where the first two cycles are shown. The effect of stress on magnetization is observed mainly in the field range from H 1 to H 2 ͑see Fig. 2͒ , which correspond to the upper knee on the stressed major loop and the lower knee on the unstressed major loop, respectively. Large irreversible changes ͑up to 100% of J s ) are observed on the tension branches of the first cycles. For lower applied fields or stress cycles of higher numbers the irreversible change starts at some critical stress. With increasing cycle number the critical stress increases and ⌬J decreases. On the stress-release branches the magnetization is constant ͑''horizontal fly-back''͒. For some fields ͑es-pecially close to the upper knee of the unstressed loop͒ the irreversible changes are not finished even after eight stress cycles. The magnetization-stress curves starting from the anhysteretic curve are horizontal and reversible, which proves that tensile stress has no effect on the anhysteretic magnetization.
The Co-rich alloy Co 69 Fe 2 Cr 7 Si 8 B 14 was stress annealed at 350°C with the transport velocity 20 cm/h and stress 150 MPa. In this case magnetic anisotropy with the easy plane perpendicular to the ribbon axis is induced. The domain structure consists of transversal stripe domains and the magnetization reversal takes place only by magnetization rotation. 5 With applied stress the domain structure remains practically unchanged. The hysteresis loops measured with different applied stress are shown in Fig. 4 . The loops are essentially anhysteretic and linear practically up to saturation. The magnetization-stress curves for different magnetic fields are shown in Fig. 5 . With increasing tensile stress the magnetization decreases, as expected for the negative magnetostriction constant. The irreversible changes of magnetization, if any, are within the experimental error.
IV. DISCUSSION
In the Jiles-Atherton phenomenological model 6 of the magnetomechanical effect the magnetoelastic hysteresis is explained by irreversible domain-wall movements between pinning sites, which are induced by the application of stress. The domain-wall bowing and magnetization rotations, on the other hand, contribute to the reversible part of the magnetomechanical effect. According to their empirical ''law of approach to the principal anhysteretic,'' the application of stress induces such irreversible changes, which cause the magnetization to approach its equilibrium anhysteretic value.
The magnetomechanical effect in the as-quenched Fe 64 Co 21 B 15 ribbon can be qualitatively well explained by this model. The quenched-in internal stresses induce large local anisotropies with random distribution of the easy axis. At fields higher than H c and Ͻ30 MPa, where the magnetization rotation prevails, the magnetization change is essentially irreversible. At lower fields, where the domain-wall motion contributes, irreversible changes towards the anhysteretic curve are observed. For Ͼ30 MPa the quenched-in stresses are overcome by the applied stress and the domain structure is similar to that observed for the stress-annealed sample. The magnetization is stress independent and equal to the corresponding anhysteretic value.
In the stress-annealed and partially crystallized Fe-rich sample only the domain wall movements are effective. Application of stress does not produce any additional pressure on the 180°domain walls but can cause weakening of the pinning sites and irreversible movement of the walls to energetically more favorable positions. The existence of the critical stress for magnetic fields close to H 1 and for higherorder stress cycles can be explained by the heavy pinning of domain walls in an array of pinning sites with a large distribution of pinning energies. 7 The horizontal flyback indicates that the domain walls are rigid and the contribution of the reversible domain-wall bowing is quite negligible.
The reversible behavior of the stress-annealed Co-rich ribbon is due to the purely rotational magnetization process. The magnetizing and the magnetization-stress curves well satisfy the theoretical equations derived by Livingston 8 for a ribbon with transverse magnetic anisotropy. The negligible magnetoelastic hysteresis makes this material particularly suitable for strain sensing applications in civil engineering. 
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